The major volcanic activity in Kirin Province, northeast China occurred in Changpaishan area and lasted from the Miocene to Holocene. The volcanic rocks include basanite, alkali basalt, tholeiite, trachyte, and rhyolite. Ultramafic xenoliths and megacrysts occur in the basanite and alkali basalt. The compatible (Ni, Cr, Sc, V, Co) and incompatible elements (Rb, Li, Th, Hf, La, Lu, Nb, Zr, Y) vary systematically with 100MgO/(MgO + ΣFeO) in the volcanic rocks. Fractional crystallization clearly was important in the magmatic evolution. The volcanic rocks and their ultramafic xenoliths have characteristic Sr and Nd isotopic ratios which fall between DMM and EM-I or EM-II. There are two types of spinel-lherzolite xenoliths in the basalts from Kirin Province: (1) an E-type enriched in LREE with (La/Yb) N varying from 6.6 to 8.15; (2) a D-type depleted in LREE with (La/Yb) N varying from 0.2 to 0.7 indicating of mantle heterogeneity in the Kirin region. The E-type lherzolites contain higher TiO 2 , K 2 O, P 2 O 5 , Rb, Sr, Ba, Y, Nb, Ta, Th and U than the D-type lherzolites. The former may have resulted from mantle metasomatic processes.
INTRODUCTION
Cenozoic volcanic rocks of NE China are an important component of the circum-Pacific volcanic belt. The volcanic sequences were deposited in northeast-southwest trending basins which parallel to major tectonic structure in the region. Major volcanic eruptions in Kirin Province ( Fig.  1 ) occurred in the Changpaishan area and lasted from Miocene to Holocene (Liu, 1988) . The volcanic rocks include basanite, alkali basalt, tholeiite, trachyte and rhyolite. Ultramafic xenoliths and megacrysts are present in the basanite and alkali basalt. The volcanic association and the mantle-derived xenoliths provide a valuable opportunity to decipher the chemical composition and evolution of the upper mantle, the possible interaction between the crustal materials and the upper mantle, and the origin and evolution of the magmas. olivine, clinopyroxene, plagioclase, Fe-Ti oxides and glassy materials. The olivine tholeiite is vesicular and contains plagioclase and olivine (about 0.1 mm in size) phenocrysts set in a groundmass of olivine, plagioclase, opaques and glass. Pyroxenes are not present in the olivine tholeiite. The trachyte is also porphyritic containing phenocrysts of anorthoclase, Na-rich-diopside, olivine, and quartz. The latter are occasionally corroded in contact with the groundmass indicating crystal-liquid interaction.
The ultramafic xenoliths found in the alkali basalt and basanite are mainly spinel lherzolites consisting of olivine, orthopyroxene, clinopyroxene, and spinel.
VOLCANIC ROCK COMPOSITIONS
The chemical analyses of the volcanic rocks and ultramafic xenoliths have been carried out by colorimetric (Si, Al, Ti, P), atomic absorption (Fe, Mg, Ca, Na, K, Mn, Co, Cr, Cu, Li, Ni, Rb, Sr, Zn) inductively coupled plasma mass spectrometry (ICP-MS) (Ba, Hf, Nb, Sc, Ta, Th, U, V, Y, Zr and rare earth elements (REE)) methods at National Taiwan and Tsing-Hua Universities. Calibration curves were constructed using U.S.G.S. standard rocks GSP-1, AGV-1, BCR-1, W-2, BHVO-1, BIR-1, and NBS standard rock basalt. The precision is estimated to be around ±2% for colorimetric and atomic absorption methods and better than ±5% for all ICP-MS analyses.
Sr and Nd isotopic compositions were measured using a VG 354 mass spectrometer at Academia Sinica, Taipei. Nd isotopic ratios have been normalised to 146 Nd/ 144 Nd = 0.7219 and are reported relative to 0.511855 for the La Jolla standard. Sr isotopic ratios are normalised to 86 Sr/ 88 Sr = 0.1194 and are relative to 0.710240 for the SRM987 standard. Uncertainties correspond to the last significant figures and represent 2σ of the mean.
Chemical analyses and the C.I.P.W. norms are listed in Tables 1 and 2 . All tholeiites are quartznormative whereas the basanites are nephelinenormative. The silica contents vary between 43.30% and 69.70% in the basanite and trachyte, and the Mg values [100 × MgO/(MgO + ΣFeO)] vary from >1% to 60% indicating considerable differentiation. The K 2 O/Na 2 O is >1 in the trachyte, but <1 in the basalts. There is a negative correlation between (Na 2 O + K 2 O) and SiO 2 (Fig.  2) for the tholeiites and basanites, which may reflect different degrees of partial melting of a similar mantle source (Chen, 1988; Jaques and Green, 1980) . The major elements for the basalts and trachytes are plotted against Mg values in Fig. 3 . Silica, Na 2 O decrease, whereas CaO increases with increasing Mg values consistent with the fractional crystallization of clinopyroxene and feldspar may have occurred during magmatic differentiation. This is supported by the crystal fractionation calculations using the "Least Bas et al. (1986) . (Middlemost, 1989) . (2) Mg value = 100 × MgO/(MgO + ΣFeO). squares" program designed by Stormer and Nicholls (1978) , indicating that the trachyte can be formed through fractionation of feldspar (58%), clinopyroxene (0.23%), apatite (1%) and Fe-Ti oxides (3%) from the tholeiitic basalt.
The alkali basalts from Antu and the basanite from Wangching have high Mg values, Ni (Ϲ220 ppm) and Cr (Ϲ650 ppm) contents which approach composition appropriate for "primitive magmas" (Hart and Allègre, 1980 The compatible trace elements (Ni, Cr, Sc, V, Co) are well correlated with the Mg values in the volcanic rocks from Kirin Province (Fig. 4) consistent with a heritage via extended fractional crystallization. Furthermore, decrease of Rb, Li, Th, Hf, La, Lu, Nb, Y and Zr and the increase of Sr and Ba with increasing Mg values (Figs. 4 and 5) are consistent with this type of genesis.
The REE contents of the volcanic rocks (alkali basalts, basanites, tholeiites and trachytes) and the spinel-lherzolite xenoliths are listed in Table  2 . Chondrite-normalized (Sun and McDonough, 1989 ) REE patterns for the volcanic rocks and xenoliths are shown in Figs. 6 and 7. The trachytes are strongly enriched in the light rare earth elements (LREE) with (La/Yb) N ((La/Yb) sample /(La/ Yb) chondrite ) varying from 12.4 to 15.2. They also have a large negative Eu anomaly indicating that fractional crystallization of plagioclase may exceed 18% (Sun and Nesbitt, 1978 The (La/Yb) N increases from the tholeiite (3.0-17.8) through the alkali basalt (8.0-12.9) to the basanite (12.5-17.8) which may be interpreted as due to different degree of partial melting.
The Sr and Nd isotopic data for a tholeiite (CW-19), alkali basalt (LG-06), basanite (LG-07) and spinel lherzolite xenoliths 04, 11, 15, 16) analyzed in the present study together with the Sr, Nd and Pb isotopic data reported by Xie et al. (1988) are listed in Nd/ 144 Nd plots for the volcanic rocks and spinel-lherzolites xenoliths from Kirin Province are shown in Fig. 8 . Also shown are the isotopic data of Liaoning (~41°N, ~123°E) volcanic rocks and their megacrysts (Liu et al., 1992) Fig. 9 .
The Pb isotopic data were adapted from Liu et al. (1992) , Zhang et al. (1991) , Zhou and Armstrong (1982) and Tatsumoto et al. (1992) . Most samples lie above the NHRL (Northern Hemisphere Reference Line) defined by Hart (1984) . The ∆7/4 Pb and ∆8/4 Pb values range from -1 to 15 and 47 to 160, respectively indicating the existence of Dupal anomaly (Dupré and Allègre, 1983) in NE China. Overall, the Kirin volcanic rocks have lower 208 Pb/ 204 Pb and 206 Pb/ 204 Pb than those of the SE China basalts (Peng et al., 1986; Tu et al., 1991 Tu et al., , 1992 Lan et al., 1994) , but they overlap with the Japan Sea basalt field defined by Okamura et al. (1998 The 100 × Mg/(Mg + ΣFe) values of the spinel lherzolites range from 87 to 91% indicating they are mantle-derived xenoliths. Table 4 summarizes the chemical compositions of Kirin spinel lherzolite xenoliths as compared with the spinel lherzolite of continental lithospheric mantle (McDonough, 1990) , and primitive mantle (Sun and McDonough, 1989) .
The spinel-lherzolites from Kirin Province have two distinct chondrite-normalized REE patterns (Fig. 7) . Spinel lherzolite 92WQ5-2 is relatively enriched in LREE (hereafter defined as the E-type) whereas spinel lherzolite 92WQ3-2 is rela- (Sun and McDonough, 1989 these two types of spinel lherzolites are similar ( Table 2) . The E-type spinel lherzolites contain higher TiO 2 , K 2 O, P 2 O 5 , Rb, Sr, Ba, Y, Nb, Ta, Th, U and LREEs than the D-type spinel lherzolites indicating that they may represent the products of different degree of mantle metasomatism and/or different degree of partial melting. Notably, phlogopite and amphibole were found in spinel lherzolite xenoliths in Wangching area of Kirin Province (Ou and Chao, 1987) 
DISCUSSION
Using the partition coefficient for La and Yb between minerals (olivine, orthopyroxene, clinopyroxene and garnet/spinel) and liquid proposeded by McKay (1985) , Kelemen et al. (1993) and Hart and Dunn (1993) and the partial melting equation of Maaloe (1994) , we estimated that the degrees of partial melting of mantle lherzolites for the basanite, alkali basalt and tholeiite in Kirin Province of NE China to be 5.6%, 10% and 18% respectively. Notably, this is consistent with trend observed in Fig. 2 Sm/Yb, Ba/Nb and Ba/Th vs. Th plots for volcanic rocks from Kirin Province are shown in Fig. 10 . In the Zr/Nb and Th/Nb vs. Th plots, most of alkali basalts and tholeiites fall within the EM-I field defined by Weaver (1991) . With the exception of the basanites, the Zr/Hf and Ce/Pb are generally constant (Zr/Hf = 40, Ce/Pb = 15) and can be correlated with the EM-I ratios (Weaver, 1991) . The basanites fall within the EM-I field defined by Weaver on plots of Ba/Th and Ba/Nb vs. Th. It is evident from Fig. 11 there is an enrichment in the incompatible elements abundances from tholeiite through alkali basalt to basanite, although there is considerable overlap from Sr to Lu. The basanites have high incompatible element abundances defining spidergrams that are similar Table 2 . (continued) to OIB (Hart, 1984) . On the basis of their trace element characteristics, these rocks are supposed to have been derived from an EM-I source. Fan and Menzies (1994) concluded that the lithospheric mantle in the Kirin Province is vertically zoned i.e., the deeper part (close to the asthenosphere) was highly metasomatized. The K and Ba peaks apparent in the spidergram are consistent with mantle metasomatism. The trachyte may have been derived from the basalt through fractional crystallization of plagioclase, olivine, clinopyroxene, alkali feldspar and magnetite. However, the trachytes have higher 87 Sr/ 86 Sr (0.705129-0.70754, Xie et al., 1988) than the alkali basalt (0.704950-0.705133) and tholeiite (0.704663, Table 3 ). A positive correlation between 87 Sr/ 86 Sr and 1/Sr in some trachytes indicating that some of the trachytes may have been contaminated by the crustal materials (e.g., Davidson and Wilson, 1989 ) during magmatic evolution.
Using the AFC model of DePaolo (1981) and the partition coefficients suggested by Dunn and Sen (1994) and Henderson (1982) magma is tholeiitic and has the following trace element compositions: Rb = 18 ppm, Y = 14 ppm, Nb = 15 ppm, we obtained a r value (the ratio of mass assimilated vs. mass crystallized) of 0.5, which is consistent with variations observed on plots of Nb/Y vs. Rb/Y for the trachytes (Fig. 12) .
In a tectonic environment discrimination diagram (Nb-Zr-Y) (Fig. 13) , all of the volcanic rocks from Kirin Province fall in the within-plate basalt field defined by Pearce and Norry (1979) .
The D-type spinel lherzolite has lower Ba, LREE and Sr than the continental lithospheric Fig. 4. Ni, Cr, Co, V, Rb, Ba, Li, and Sr vs. 100 × (MgO/MgO + ΣFeO) plots for volcanic rocks from Kirin Province. Symbols same as in Fig. 3 . mantle ( Fig. 11) (Weaver, 1991) . The D-type spinel lherzolite may represent ancient depleted continental lithospheric mantle that has undergone previous partial melting. The occurrence of interstitial phlogopite and amphibole in spinel lherzolites from Kirin Province (Ou and Chao, 1987) indicates that these two minerals were formed at a later stage by metasomatic processes. The incompatible element enrichments in E-type spinel-lherzolite (Fig. 11 ) may also be due to mantle metasomatism with these rocks defining spidergrams similar to that of continental lithospheric mantle (Weaver, 1991) .
Based on Sr, Nd isotopic ratios and geobarometric data derived from geobarometer recommended by Mercier (1980) (Hsu, unpublished data) we conclude that the upper layer of Fig. 5. Nb, Y, Zr, Sc, Th, Hf, La and Lu vs. Sun and McDonough (1989) . Fig. 7 . Chondrite-normalized REE patterns for lherzolite xenoliths and clinopyroxene megacryst (Hsu, unpublished data) from Kirin Province. The normalizing values are from Sun and McDonough (1989) . Wang and Xie (1992) . The data for Liaoning basalts and megacrysts are from Liu et al. (1992) . DMM, HIMU, EM-I, EM-II and MORB fields from Hart (1988 Hart (1988) . SE China basalts from Peng et al. (1986) , Tu et al. (1991 Tu et al. ( , 1992 and Lan et al. (1994) , and Japan Sea basalts from Okamura et al. (1998). basanite may be derived from an isotopically similar source as suggested by Sr and Nd isotopic data (Table 3 ) through differing degrees of partial melting of the mantle lherzolite.
From geophysical data it is evident that the Songliao basin in NE China is currently rifting. The thickness of the lithosphere in the center of the basin is around 80 km or about 40 km thinner than at the margins (Ma, 1987) . In addition, the crustal thickness in the center of the basin is 23 km, which is 10-20 km thinner than in the marginal portion (Hsu, 1987) . Furthermore, the heat flow in the center of the basin is around 95 mw/ m 2 decreasing to 44 mw/m 2 at the margins (Wu and Xie, 1985) . The upwelling of the asthenosphere and thinning of EM-I type lithospheric mantle in Cenozoic time caused rifting, thermal erosion and decompressional melting (Mutter et al., 1988) which also created the possibility of mixing of asthenospheric material with EM-I lithospheric mantle components. The basanites which occur near the margins, may have formed through 5 to 8% partial melting of spinel lherzolite, at relatively deep level, that had been metasomatized, and hence enriched in incompatible elements. By contrast, the alkali basalts and tholeiites may have formed at different levels (shallower than basanite)
Remarks: (1) ,(2) Present study; D = Depleted; E = Enriched; (3) McDonough (1990) ; (4) Sun (1982) , Sun and McDonough (1989) ; (5) Maaloe and Aoki (1977) . time (Fraser et al., 1985; Dudas et al., 1987; Menzies and Hawkesworth, 1987) . However in Kirin Province, the basement age is estimated to be 1.7-1.8Ga (Zhang et al., 1984) or even younger (700-800 Ma, Wang, 1982) indicating that formation of an EM-I lithospheric mantle may be extended to post Archean time. Pearce and Norry (1979) . Symbols same as in Fig. 3 . Weaver, 1991) . Normalizing values and OIB pattern from Sun and McDonough (1989) .
Fig. 13. Zr/4-2Nb-Y discrimination diagram for Kirin volcanic rocks. Variation fields after

Fig. 11. Primitive mantle-normalized incompatible element patterns for volcanic rocks and D-type and Etype spinel lherzolite xenoliths from Kirin Province as compared with continental lithospheric mantle (CLM;
Fig. 12. Nb/Y vs. Rb/Y for volcanic rocks from Kirin
Province.
